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Abstract
Debate exists about the time course of the effect of colour categories on visual processing.
We investigated the effect of colour categories for two groups who differed in whether they
categorised a blue-green boundary colour as the same- or different-category to a reliably-
named blue colour and a reliably-named green colour. Colour differences were equated in
just-noticeable differences to be equally discriminable. We analysed event-related poten-
tials for these colours elicited on a passive visual oddball task and investigated the time
course of categorical effects on colour processing. Support for category effects was found
100 ms after stimulus onset, and over frontal sites around 250 ms, suggesting that colour
naming affects both early sensory and later stages of chromatic processing.
Introduction
We perceive millions of different colours [1], but we necessarily use a limited number of colour
terms (categories) to describe them (‘blue’, ‘yellow’, ‘orange’, etc.). There has been much
debate on whether our naming of colour affects how we see it [2,3]. A common assertion is
that colours are more easily distinguished if they are named with different terms (different-cat-
egory) than with the same term (same-category) even if the colour differences are equated in
some kind of colour metric [4–6]. There are many studies that report evidence for these so
called ‘colour category effects’ on behavioural tasks where observers judge the difference
between colours, memorize colours, or search for colours [7–9]. There has been recent discus-
sion on whether these effects are reliable as some studies have failed to replicate colour cate-
gory effects [10,11]. However, one crucial question is the extent to which colour terms affect
how we perceive colour and the time course of any effect. Colour terms may simply affect
‘post-perceptual’ processes such as attention, task strategy or the stage of decision making
[12,13]. Alternatively, colour terms may affect early sensory stages of colour processing
[14,15]. The distinction between early and late effects of language on perception relates directly
to debate about the way that perception may be penetrable by cognitive systems, such as lan-
guage [16–18].
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The argument that language affects sensory stages of processing has found support in
domains other than colour [19,20]. However, for colour, the evidence is currently mixed. One
approach to investigating this issue has been to employ the event-related potential (ERP)
method, which is an electrophysiological technique that provides precise millisecond data
about the timing of visual processes in response to an event or stimulus [21]. Studies have mea-
sured ERPs elicited in response to coloured stimuli that vary in their categorical relationship
with each other, and category effects in the elicited ERP waveforms have been examined. The
timing and polarity of ERP waveform components gives an indication of stage and type of pro-
cessing related to that component. For example, the P1 ERP component is a component with a
positive deflection that occurs roughly 100 ms after stimulus onset, and the P1 is thought to
correspond to activity in early sensory stages of colour processing in the visual cortex, prior to
visual awareness [15–17]. A number of ERP studies have claimed to find colour category
effects throughout early ERP components such as the P1 and early-phase N1 whereby the cate-
gorical relationship of colour differences appears to modulate the amplitude or latency of these
components [14,15,22,23]. Other studies have claimed that such colour category effects only
occur in later ‘post-perceptual’ components such as the P2 [12] and P3 [13] which are thought
to correspond to attention, stimulus evaluation, memory or decision making [24–26] and
reach peak amplitude approximately 200 and 300 ms after stimulus-onset respectively.
Although there are now a number of ERP studies of colour category effects, the majority of
these studies are plagued by an important stimulus issue: same- and different-category colour
differences are equated in colour metrics which have known inhomogeneities [27–29]. For
example, although the colour metrics used in category studies such as CIELUV, CIELAB and
Munsell attempt to be perceptually uniform, inhomogeneities are known to exist within such
spaces, and these manifest as areas of greater and lesser discrimination sensitivity. Early ERP
components are known to be highly sensitive to the physical differences between stimuli
[30,31]. Therefore, effects which have been labelled as ‘category effects’ could instead be due to
the different-category colour differences being greater than same-category colour differences
when equated in the colour metrics used in prior studies [12].
There have only been three ERP studies so far which cannot potentially be explained by
stimulus issues and the findings of these studies disagree. Thierry et al. [15] compared ERP
components elicited in response to colours in native Greek and native English speakers. Greek
and English differs in the categorization of the colour blue; the Greek language contains an
additional colour category dividing lighter and darker shades [32]. Observers were not re-
quired to attend to the colour of stimuli and instead focused on detecting whether coloured sti-
muli were a square or circle while ERPs were recorded. It was found that for Greek speakers, a
blue colour difference which was different-category in the Greek language elicited a stronger
visual mismatch negativity (vMMN) ERP component (around 160–230 ms), than colour dif-
ferences which were the same category, with no such effect for English speakers. A similar ‘cat-
egory’ effect was also found for Greek speakers in the P1 ERP component. Both the vMMN
and P1 components are thought to be pre-attentive [33,34] arising in early-sensory stages of
visual processing. The apparent category effect for Greek speakers cannot be explained by
stimulus issues since the English speakers, for whom there was no such effect saw the same col-
ours. However, one potential issue with the study has been identified by Clifford et al. [13]
who argue that the ERP waveforms for Greek and English speakers suggest that the English
speakers attended more to the colour differences than Greek observers because there appears
to be an attention-related P3 component for the English but not Greek speakers. Therefore,
stronger ‘pre-attentive’ ERP components for Greek than English speakers for certain colour
differences could potentially be due to different amounts of attention to colour during the task
rather than cross-linguistic differences in colour terms. Nevertheless, further evidence for the
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early effects of language was provided by Thierry and colleagues in a re-analysis of their origi-
nal study [35] where they find that the strength of the category effect for the Greek speakers
was modulated by the length of time the Greek speakers had lived in the United Kingdom
(and therefore their familiarity with the English language). Specifically, category effects were
weaker for Greek speakers who had lived in the United Kingdom for 18 months or longer
compared with Greek speakers who had lived there for less than a year.
A second ERP study, conducted by Clifford et al. [13] investigated the time course of cate-
gory effects for newly trained colour categories. Observers were trained to categorize a set of
colours varying in hue and lightness into two new categories with new colour terms, and ERPs
were then measured to colours which varied in their categorical relationship according to
these newly trained terms. Within a block of trials, one hue was presented frequently (the stan-
dard) and two infrequently presented hues (the deviants) were either from the same trained
category as the standard or from a different category. Observers were required to count the
number of deviant stimuli and therefore attend to the colour differences. The categorical rela-
tionship of the deviant hues with the standard was found to modulate post-perceptual ERP
components 350–600 ms after stimulus onset, rather than earlier stages of visual processing as
in [15]. No such category effects were found for a separate sample of observers who were not
trained to categorize the hues into new categories, or for either group in an untrained hue
region. These effects cannot be explained by stimulus issues since category effects were only
found for those who underwent category training yet all observers saw the same stimuli.
The third ERP study which cannot be explained by stimulus issues is that of He et al. [12].
They used the same task as Clifford et al., but tested for category effects related to the blue-
green categorical distinction in English speakers. To address concern over stimulus issues,
same- and different-category colour differences between the standard and deviant hues were
equated in number of just noticeable differences (JNDs) rather than relying on other colour
metrics. As in Clifford et al., category effects, indicated by significantly different ERP ampli-
tude for deviants from a different-category to the standard than the same-category, were
found only in post-perceptual components 230 ms after stimulus onset.
In sum, whilst two studies claim that colour terms only affect post-perceptual processing of
colour when stimulus issues are controlled [12,13], another study which draws on cross-lin-
guistic differences in colour terms claims that colour terms do affect early stages of colour pro-
cessing [15]. Further research is needed to explore this apparent discrepancy. One possibility is
that the documented early effects are due to cross-linguistic differences in attention and are
not related to naming [14]. The studies also differ in their task: the study which claimed to find
early category effects used a task where observers were required to attend to the shape not the
colour of the stimuli, whereas the two studies which find later post-perceptual category effects
required observers to attend the changes in colour directly. Therefore, another possibility is
that early category effects (e.g., in P1 or vMMN) are only found when attention is directed
away from colour when the processing of colour is more implicit.
In the current study, we use a task where observers were not required to attend to colour
as in the above mentioned studies [14,15,22]. Participants focused on a fixation dot and
responded when it changed shape [14]. However, rather than comparing speakers of different
languages who differ in their colour terms, here we investigate the impact of differences in col-
our term usage for observers speaking the same language. Intra-language colour term use
can vary substantially: A recent study in native American English speakers found only 31% of
330 colour samples were named the same by all participants despite constraining responses to
just 11 basic colour terms [36]. Having intra- rather than inter- language comparisons means
that any effect of language that we find is more likely to be due to colour term usage rather
than other group differences such as task strategy that could arise from cognitive or cultural
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difference. Relevant to the present study, differences in colour naming will result in differences
in colour categorization when the colour in question is in the boundary region between two
colour categories. For example, in the boundary region a particular colour may reliably be
named yellow by one observer and reliably as orange by another. When presenting this colour
alongside a different colour named orange by both observers, the first observer will see two
colours from different colour categories (yellow and orange), whereas the second observer will
see two colours from the same category (orange and orange) even though the same colours are
presented to both observers.
In the present study we used three colours: A green, a blue, and a boundary colour in
between the two. We selected these colours because green and blue are often the colour terms
applied to the largest number of colour samples by native English speakers [36,37], and it has
been observed that the location of the boundary between these colour categories can vary
across English speakers [12,38]. Neighbouring colours were separated by three JNDs. The JND
data was collected in a prior study [12] in which observers’ sensitivity to colour difference was
measured psychophysically using a 3-up-1-down staircase procedure. Participants who com-
pleted the JND measurements did not take part in the present study; past research has found
that over-familiarity with colour stimuli stimuli due to prior threshold measurement can
weaken category effects [9], which was undesirable for the present study. In the present study
observers completed a passive ‘visual oddball’ task, whereby participants were presented with
the boundary blue-green colour on the majority of trials (here called the ‘standard’ stimulus in
line with prior oddball paradigm literature). Two groups of observers reliably named this
boundary colour differently to each other–one group reliably named it blue and the other
group as green. On a smaller number of ‘oddball’ trials, participants were presented with the
blue and the green colours (the infrequent ‘deviants’) for which the two groups agreed in their
naming. Accordingly, depending on how observers named the boundary colour, the blue and
green deviant colours were either the same- or different-category to the boundary blue-green
colour. We recorded and compared the ERPs elicited by each of these three stimuli to assess
whether the categorical relationship of the standard and deviant colours modulated the ampli-
tude of ERP components.
As in [15], attention to the colour of the stimuli was not required because our observers
were tasked with making a manual response when a central fixation dot changed. The stimuli
were presented simultaneously as pairs, with one colour presented above the fixation dot and
therefore to the upper visual field (UVF), and another below the dot and to the lower visual
field (LVF). We included this manipulation of visual field because prior work has shown that
ERPs differ depending on which visual field a stimulus is presented to. The difference in ERPs
generated in response to UVF and LVF stimuli is likely due to the retinotopic structure of
visual cortex [34]. Specifically, visual change detection measured through ERPs has been
shown to be more sensitive to changes in visual stimuli presented to the LVF compared to the
UVF [14,34]. However, an unanswered question is whether this asymmetric category effect in
the LVF compared to the UVF remains when stimuli differences are equated psychophysically,
rather than in colour spaces, such as the Munsell system, e.g., [14]. In the present study we
measured ERPs elicited to colour stimuli separated in JNDs for both LVF and UVF stimuli to
further investigate the relationship between category effects and spatial location. After the ERP
task, we measured whether the participants named the three colours as blue or green so as to
locate the blue-green colour boundary individually for each observer. Identifying the category
boundary in this manner was favoured over measuring colour naming across a larger range of
stimuli because there are known effects on colour naming that arise from differences in the
range of colour presented [39]. This approach also ensured that the names that the observers
gave to the three colour stimuli were specifically relevant to their performance in the ERP
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oddball task. After the ERP task, participants named each colour 25 times so that we could
establish the degree of colour naming consistency.
A passive visual oddball task often elicits a vMMN along with other early (e.g., P1) and late
ERP components (e.g., N2). As outlined earlier, one prior study has found evidence for cate-
gory effects in both the vMMN and P1 [15] and two other studies find category effects in later
‘post-perceptual’ ERP components (e.g., N2, [12]). In order to test the hypothesis that early
category effects are found when attention is directed away from colours, we analysed the early
ERP components elicited by our task for which category effects have previously been found.
We also analysed the post-perceptual ERP components elicited by our task that have been
implicated in category effects in studies where colour is focused on during the task, to test
whether category effects in post-perceptual components remain when attention is directed
away from the colours. Category effects were investigated by comparing ERP components elic-
ited by same- and different-category deviants. In addition, the effect of naming was investi-
gated by testing the effect of how consistently the standard was named on the size of the
category effect: if colour naming affects colour processing then those who more consistently
name the colours should show greater category effects. We also analysed the relationship
between category effects and spatial location (UVF vs. LVF). Stronger category effects were
expected because the visual system is more sensitive to stimuli in the LVF than those in the
UVF [14,34].
Methods
Participants
Thirty-three native British English speakers (24 female; mean age = 21.3; SD = 2.96; range =
18–30), who were naive to the purpose of the study, took part. Participants were recruited
from the University of Sussex. Data collection took place for six months starting June 2013.
All participants were screened for colour vision deficiencies using the Ishihara test [40] and
the City University Test [41]. Participants provided written informed consent and were com-
pensated with cash or course credits. The study was approved by the Cluster-based Ethics
Research Committee of Psychology and Life Sciences at the University of Sussex. An a priori
power analysis of the effect size (d = 0.86) reported by Clifford et al. [14] showed that a sample
size of N = 17 would achieve a power of> 0.95 to detect a significant category effect in early
stages of cortical visual processing.
Stimuli and set up
Participants were seated in a dark room, the only source of light was a 22" Diamond Plus
230SB CRT monitor (Mitsubishi, Tokyo, Japan; colour resolution: 8 bits/channel; spatial
resolution: 1024 × 768; refresh rate: 75 Hz), located 77 cm away from participants. Gamma
correction was applied after measuring monitor primaries with a CRS ColorCal (Cambridge
Research Systems, Rochester, UK). The CIE1931 chromaticity coordinates and luminance of
the monitor primaries were (R: 0.626, 0.337, 14.24; G: 0.281, 0.614, 45.51; B: 0.151, 0.071, 5.28).
All materials were prepared with e-Prime 2 (Psychology Software Tools, Inc.). Test stimuli
were three isoluminant, isosaturated colours varying in hue in CIELUV space and presented
on a grey background. The colours were taken from [12], who made psychophysical measure-
ments of colour discrimination using a 3-up-1-down staircase procedure. Our adjacent colours
were separated by three JNDs and the colours spanned the categories of blue and green (for
colour chromaticity coordinates see Table 1). We used the same monitor set up as [12]. It was
anticipated that the central boundary colour would be named blue by some participants and
green by others. Note that the boundary colour is also referred to as the ‘standard’ due to a
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greater frequency of presentation of this stimulus in the oddball paradigm (see Design and
Procedure below).
Design and procedure
Passive oddball task. Participants first completed a passive visual oddball task. The sti-
muli and task procedure are illustrated in Fig 1. An oddball task presents the same stimulus on
the majority of trials (referred to as the ‘standard’), while different ‘oddball’ stimuli are occa-
sionally presented (referred to as ‘deviants’). On each trial there was the simultaneous presen-
tation of two coloured squares (length: 1.93˚ visual angle) for 200 ms towards the centre of the
Table 1. Chromaticity coordinates (x,y,Y CIE1931) of test stimuli and background.
x y Y
Boundary / Standard 0.222 0.333 9.21
Green deviant 0.237 0.380 9.21
Blue deviant 0.220 0.292 9.21
Background grey 0.313 0.329 20.37
https://doi.org/10.1371/journal.pone.0178097.t001
Fig 1. General task procedure of the passive visual oddball ERP task. On each trial a coloured square
was presented to the UVF and another simultaneously to the LVF. Participants attended to a fixation dot and
responded on those trials in which it changed shape. For the majority of trials both squares were the standard
(boundary) stimulus. The remaining trials presented either a green or blue deviant stimulus to the UVF or LVF.
Stimuli were presented for 200 ms with a randomised interstimulus interval of 1,000 ms ± 200 ms.
https://doi.org/10.1371/journal.pone.0178097.g001
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screen and ordered vertically such that the space between them was equal to their size. This
resulted in one square being presented towards the upper visual field (UVF) and the other the
lower visual field (LVF; see Fig 1). For 90 trials in each block both upper and lower squares
were the standard (boundary) colour. Half of the 20 deviant trials presented the blue deviant
and the other half the green deviant, with equal probabilities shown in the upper or lower
visual field. In each block the fixation dot (0.13˚ in diameter) remained in the centre of the
screen and changed to a horizontal bar at the onset of 10 random trials (0.46˚ × 0.13˚). Observ-
ers were asked to attend to the black fixation dot while the colour stimuli were presented
above and below the dot. This design is referred to as passive because participants are not
required to attend to or make decisions about the coloured stimuli. Participants were asked to
respond quickly and accurately when the fixation changes took place by pressing the space key
with both hands, and were told that the colours were not relevant to the task. A randomised
interval ranging from 800 to 1,200 ms was used between trials. In each block the trial sequence
was pseudo-randomised so that the first 8 trials were always standard trials and no consecutive
deviant trials were allowed. In total there were 18 blocks of 110 trials.
Colour naming task. Following the ERP oddball task participants completed a colour
naming task, whereby each of the three colour stimuli were presented individually 25 times in
a randomised order. Participants were asked to indicate if the stimulus was green or blue by
pressing the “c” or “m” key (counterbalanced across participants). Stimuli were presented as
a coloured square (7.5˚ × 7.5˚) in the centre of the screen and remained onscreen until a
response had been made with an interstimulus interval of 1,500 ms. The same background
grey was used as the oddball task.
EEG recording and processing
EEG data was recorded and processed with NeuroScan SynAmps2 amplifiers and SCAN 4.3
software (NeuroScan/Compumedics, Inc.) at a digitizing rate of 500 Hz. A physical band-pass
filter was applied to online recording (0.10–100 Hz). EEG was recorded from 62 electrode
sites: FP1, FPz, FP2, AF3, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT7, FC5, FC3, FC1, FCz,
FC2, FC4, FC6, FT8, T7, C5, C3, C1, Cz, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPz, CP2, CP4,
CP6, TP8, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO7, PO5, PO3, POz, PO4, PO6, PO8, O1, Oz,
O2, I1 and I2, using Ag-AgCl electrodes, as well as the average of the left and right mastoid ref-
erences (re-referenced offline). Eye blinks and eye movements were monitored via one bi-
polar horizontal electro-oculogram (EOG) channel located laterally of the canthi and one bi-
polar vertical EOG channel located above and below the participant’s left eye. Impedance of
each channel was reduced below 5kΩ prior to data collection. Following EEG recording, a
zero phase-shift low-pass filter with amplitude cut off frequency of 30 Hz and 48dB/oct roll-off
was applied to the data. The recorded EEG data were analysed as segments extending 800 ms
after stimulus onset relative to a 100 ms pre-stimulus baseline, averaged over trials in each
experimental condition. Trials were rejected as artefacts when voltage exceeded ±60 μV at any
electrode. Criteria for artefact rejection were determined on the basis of previous research
(e.g., [12]), from which ERPs were used to successfully investigate colour category effects.
ERPs were generated by averaging EEG activities over trials time-locked to stimulus onsets.
Results
Colour naming task
The blue deviant was consistently named blue (M = 98.1%; SD = 4.5%) and the green deviant
green (M = 98.6%; SD = 2.7%). As expected, naming of the standard was variable across partic-
ipants: averaged across all trials it was named blue 48.7% (SD = 36.4%) of the time. However,
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the tendency for an individual to name the standard consistently green (green namers) or con-
sistently blue (blue namers) was higher (M = 81.9%; SD = 16.7%).
EEG passive oddball task
Two participants were excluded as they elicited strong alpha waves (8–13 Hz EEG rhythmic
activity), which substantially contaminated the ERP waveforms and one participant was
excluded due to an insufficient number of trials following EEG data processing. For the blue
namers, a deviant trial consisting of the simultaneous presentation of the standard (i.e., named
blue) as well as the blue deviant is a same-category deviant trial. For the green namers this is a
different-category trial. This pattern is reversed on trials that present the green deviant. Classi-
fying stimuli in this manner as same- or different-category on the basis of an individual’s nam-
ing was previously adopted to analyse colour category effects in fMRI [38] and ERP data [12].
Data were combined across all participants (N = 30) with three conditions: 1. ERPs elicited to
the standard (i.e., both squares are the boundary colour); 2. ERPs elicited on same-category
deviant trials; 3. ERPs elicited on different-category deviant trials.
The data were analysed in two ways. Firstly, the data were analysed with mixed ANOVAs
containing the factors of category with three within-subjects levels (standard, same-category,
and different-category), and the factor of group with two between-subjects levels (blue namers
vs. green namers), see Table 2. A category effect is demonstrated by a significant main effect of
category, with subsequent post-hoc analysis revealing a significant difference between the ERP
responses elicited to the different- and same-category deviants. This finding would suggest
that a particular ERP component is sensitive to the categorical relationship between the sti-
muli. If the category effect is reliable then it should be found for both blue namers and green
namers and there should be no significant interaction between category and group. Secondly,
the data were analysed with linear regressions to investigate the relationship between naming
consistency of the standard and the degree of amplitude difference elicited by the same- and
different-category deviants. In other words, does the categorical relationship between the sti-
muli have a greater effect on ERPs for participants who more consistently name the standard
compared to participants who less consistently name the standard? Trials requiring a manual
response were excluded from all analyses to avoid contamination of ERPs from electrical activ-
ity arising from the execution of a motor response. Electrode locations were chosen for each
ERP component separately to reflect sites where activity was maximal. Greenhouse-Geisser
corrections were applied to those instances in which the assumption of sphericity had been
violated and significant main effects in the ANOVAs were followed up with pairwise compari-
sons comprising Fisher’s least significant different (LSD) post-hoc test. The analysis focuses on
mean amplitude (μV). Peak latency was not analysed because it was not possible to discern
reliable peaks across a suitable number of participants. ERP waveforms for LVF stimuli are
presented in Fig 2A. The UVF waveforms are presented in S1 Fig.
In line with prior research, there were no category effects when deviants were presented to
the upper visual field [14,34]. For deviants presented to the lower visual field we found a signif-
icant main effect of category in P1 over a 10 ms time window (94–104 ms), F(2,56) = 3.88, p =
.026. Post hoc analysis revealed that the category effect occurred because the P1 elicited by the
different-category deviant (M = 2.31 μV; SD = 1.69 μV) was significantly more negative than
that elicited by the same-category deviant (M = 3.04 μV; SD = 1.69 μV; p = .025). The standard
(M = 2.61 μV; SD = 1.63 μV) fell numerically, but not significantly, between the two. Note that
this effect in P1 was highly refined with regards to its timing; over a longer time window (80–
120 ms) mean amplitudes did not differ significantly. There were no other category effects in
subsequent ERP components for stimuli presented to the lower visual field. There was a
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significant effect of group in the frontal positivity when deviants were presented to the upper
visual field, F(1,28) = 4.28, p = .048. This was due to blue namers (M = 1.92 μV; SD = 1.74 μV)
exhibiting greater frontal positivity than green namers (M = 0.48 μV; SD = 2.13 μV), rather
than a category effect. The regression analyses found no significant relationship, for deviants
presented to the UVF, between naming consistency and the mean amplitude difference between
the different- and same-category deviants (i.e., a category effect) in any ERP components (see
Table 3). However, for deviants presented to the LVF, a significant relationship between naming
consistency and category effect was found in the frontal positivity (220–260 ms). Here, naming
consistency significantly predicted the difference in mean amplitude between the different- and
same-category deviants, and the trend was for the different-category deviant to elicit more nega-
tivity than the same-category deviant for more consistent namers.
Behavioural performance analyses
Hit rates from participants included in the ERP analysis (N = 30) for target trials were very
high (M = 99.8%; SD = 0.30%) suggesting participants attended to the fixation dot throughout
Table 2. Summary of analyses of ERP components from two-way mixed ANOVAs containing the factors of category (within-subjects; 3 levels:
standard, same- and different-category deviant) and group (between-subjects; 2 levels: blue namers vs. green namers), N = 30.
ERP
component
Time window
(ms)
Standard mean
amplitude
(SEM)
Same-category deviant
mean amplitude
(SEM)
Different-category deviant
mean amplitude
(SEM)
Category F
value
(ηp2)
Group
F value
(ηp2)
C × G
F value
(ηp2)
P1 94–104 2.63 (0.30) 2.70 (0.36) 2.84 (0.36) 0.28 (.010) 0.02
(.001)
3.13
(.100)
3.06 (0.31) 2.31 (0.40) 3.88 (.122)* 0.06
(.002)
0.12
(.004)
Anterior N1 130–140 -2.91 (0.27) -2.62 (0.38) -2.80 (0.44) 0.43 (.015) 0.05
(.002)
2.22
(.073)
-2.46 (0.45) -2.92 (0.40) 0.97 (.034) 0.48
(.017)
0.01
(.000)
Posterior N1 164–174 -3.08 (0.48) -2.82 (0.54) -2.78 (0.56) 0.65 (.023) 0.33
(.012)
1.56
(.053)
-3.02 (0.50) -2.62 (0.55) 1.47 (.050) 0.18
(.006)
0.52
(.018)
Frontal
Positivity
220–260 1.14 (0.35) 1.19 (0.41) 1.47 (0.42) 0.61 (.021) 4.28
(.133)*
0.71
(.025)
0.98 (0.57) 1.05 (0.38) 0.07 (.002) 3.77
(.119)
0.34
(.012)
Anterior N2 316–356 -1.41 (0.25) -1.85 (0.38) -1.95 (0.38) 1.10 (.038) 0.22
(.008)
0.96
(.033)
-1.99 (0.43) -2.02 (0.32) 1.81 (.061) 1.58
(.053)
0.01
(.000)
Posterior N2 330–360 -0.19 (0.39) -0.68 (0.45) -0.47 (0.47) 0.94 (.033) 0.38
(.014)
1.06
(.036)
-0.35 (0.38) -0.64 (0.45) 1.43 (.049) 0.99
(.034)
0.93
(.032)
Notes: For each ERP component the values in the upper row correspond to deviants presented to the upper visual field and the values in the lower row to
deviants presented to the lower visual field. C x G: Interaction between factors of category and group. P1 electrode locations: PO8/PO7/PO6/PO5/PO4/
PO3/O1/O2. Anterior N1 electrode locations: F1/Fz/F2/FC1/FCz/FC2/C1/Cz/C2. Posterior N1 electrode locations: PO8/PO7/PO6/PO5. Frontal positivity
electrode locations: AF4/AF3. Anterior N2 electrode locations: F1/Fz/F2/FC1/FCz/FC2/C1/Cz/C2/CP1/CPz/CP2. Posterior N2 electrode locations: PO8/
PO7/PO6/PO5/PO4/PO3.
* p < .05. Mean amplitude values denote μV.
https://doi.org/10.1371/journal.pone.0178097.t002
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testing. False alarm rates were very low (M = 0.04%; SD = 0.03%). Mean response time to tar-
gets was 389 ms (SD = 28.8 ms).
Discussion
We measured ERPs on a passive oddball task to blue and green colours equated in JNDs that
varied in their categorical relationship for two groups of observers who differed in colour nam-
ing. We found evidence for a category effect 100 ms after stimulus onset in the P1 component,
whereby a different-category colour elicited a more negative electrophysiological response
compared with a colour from the same category. Note that this is not simply an effect of hue
on P1 because the stimuli were deliberately grouped by category rather than by hue (the same-
and different-category hues were different for the two groups of observers who differed in col-
our naming). The categorical relationship between colours and the variation in the way that
observers consistently named the boundary colour was also found to affect neural activity, spe-
cifically over frontal sites around 250 ms. At this stage of visual processing, naming consistency
predicted the difference in amplitude elicited by the same- and different-category deviants and
the trend was for the mean amplitude elicited to a different-category colour to be more
Fig 2. Grand-averaged ERP waveforms elicited in response to standard and deviant colours presented
to the lower visual field. (A) Waveforms elicited for 800 ms following stimulus onset summarised over nine
representative electrode locations. Stimuli were classified as same- or different-category to the standard for each
individual based on their naming of the standard stimulus as blue or green. Electrode locations are provided towards
the top of the y-axes. ERP components (e.g., P1) are labelled on one waveform each. N1ant denotes the anterior N1
component, N1post denotes the posterior N1, FP denotes frontal positivity, N2ant denotes the anterior N2, and
N2post denotes the posterior N2. (B) A category effect in P1 over a refined time period (94–104 ms): The different-
category deviant elicited a significantly more negative mean amplitude than the same-category deviant displayed
here at a representative electrode (O1). (C) Topographic map showing the amplitude difference (same- minus
different-category deviant of the the P1 effect. The arrow shows the location of representative electrode O1).
https://doi.org/10.1371/journal.pone.0178097.g002
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negative when naming consistency (and therefore the categorical distinction between the sti-
muli) was higher. These findings suggest that colour language affects colour processing at both
an early stage as well as a later post-perceptual stage of visual processing.
The P1 has been reported to originate from sources in dorsal extrastriate cortex of the mid-
dle occipital gyrus and the ventral extrastriate cortex of the fusiform gyrus [42,43]. While the
P1 is known to be sensitive to the physical characteristics of stimuli, such as size [30], lumi-
nance [31], and spatial location [44], as well as attention, for a review see [45], there continues
to be debate about whether this early stage of visual processing can be penetrated by cognitive
systems, such as language. The data we report supports the claim that language can affect neu-
ral activity in this early stage of visual processing [14,15,46]. The P1 component elicited by the
colour stimuli in the present study likely corresponds to unconscious, pre-attentive processes
because participants directed their attention towards a fixation target rather than the colour
stimuli [45]. We found that mean amplitude of P1 was more negative when it was elicited to a
deviant colour from a different category compared to a deviant colour from the same category
as the standard. The finding of greater negativity elicited to a different- compared to a same-
category deviant has been reported previously on visual oddball tasks in the form of visual mis-
match negativity (vMMN; [47]). The vMMN has been suggested to arise from the automatic
processing of unattended visual stimuli and as a marker of low-level, pre-attentive perceptual
processing [14,33]. It is thought to be characterised by a posterior distribution and occur from
around 100–250 ms [14,48,49]. A question here is whether the finding of greater negativity
elicited to the different-category deviant in the present study in P1 over posterior sites should
be viewed as a category-related vMMN response [14,48]. A principal difference we report is
Table 3. Linear regression analyses applied to multiple ERP components modelling the relationship between naming consistency of a boundary
blue-green colour (i.e., the standard stimulus) and the difference in mean amplitude (μV) elicited by a same- and different-category deviant colours
presented to the UVF or LVF (N = 30).
Upper visual field Lower visual field
B SE B β R2 B SE B β R2
P1
Constant 3.07 1.75 -1.93 1.44
Naming consistency -0.04 0.02 -0.31 0.10 0.01 0.02 0.16 0.02
Anterior N1
Constant -0.16 1.77 -0.10 2.22
Naming consistency 0.00 0.02 0.00 0.00 0.00 0.03 -0.03 0.00
Posterior N1
Constant 3.05 1.71 2.55 1.60
Naming consistency -0.04 0.02 -0.32 0.10 -0.03 0.02 -0.25 0.06
Frontal positivity
Constant 1.49 1.79 5.90 2.17
Naming consistency -0.02 0.02 -0.13 0.02 -0.07 0.03 -0.46* 0.21
Anterior N2
Constant -0.23 1.66 1.45 2.03
Naming consistency 0.00 0.02 0.02 0.00 -0.02 0.02 -0.14 0.02
Posterior N2
Constant 0.74 1.72 -0.54 1.53
Naming consistency -0.01 0.02 -0.06 0.00 0.00 0.02 0.03 0.00
Note: All values rounded to 2 decimal places.
* p < .05
https://doi.org/10.1371/journal.pone.0178097.t003
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that this effect was limited to a refined stage around peak amplitude of P1, rather than extend-
ing over a longer time period [14,15]. The effect we report may be relatively small and within a
more refined period than previous studies due to the current study using stimuli equated in
JNDs, which may have resulted in subtler differences in ERP amplitudes.
Further evidence that the categorical relationship between colours plays a role in the way
they are processed was found over frontal sites from 220–260 ms (we refer this as frontal positiv-
ity). Here, we found a relationship between whether a boundary blue-green colour was more or
less consistently named with the same colour term and the difference in mean amplitude elic-
ited by a colour from the same category compared to a different category. A similar post-per-
ceptual category effect was found in He et al.’s study [12] which also used blue and green stimuli
equated in JNDs. In their study [12] there was a significant category effect over frontal sites
from 210–260 ms, which was characterised by the different-category colour eliciting a greater
amplitude than a same category-colour. The effect we report is different in that we found that a
significant proportion of the variance associated with the different mean amplitudes elicited to
our colour stimuli is explained by the degree that observers reliably named (and therefore cate-
gorised) the stimuli. For observers who more reliably categorised the stimuli the different-cate-
gory deviant tended to elicit a more negative ERP deflection than the same-category deviant.
For both P1 and the frontal positivity, the effects we report were specifically found for sti-
muli presented to the LVF, rather than the UVF. This provides further support for those find-
ings from ERP studies that have likewise compared electrophysiological activity elicited to
stimuli presented to the lower and upper visual fields. For example, it has been shown that the
vMMN is larger for colour patches presented to the LVF [14], and may even be absent for col-
our patterns presented to the UVF [34]. Clifford et al. [14] previously found colour category
effects only in the LVF. Here we replicate this finding and extend it to with stimuli specifically
equated in JNDs.
In the present study we found tentative evidence for a colour category effect in P1. This sug-
gests that the categorical relationship between colour stimuli is registered in early sensory
stages of visual processing. This effect was governed by the way that participants named the
colours. The effect in P1 is consistent with some behavioural evidence suggesting that the way
people name and categorize colours affects performance on colour tasks. For example, it has
been shown that native Russian speakers, who like Greek speakers divide blues into two basic
lighter and darker categories, exhibit faster reaction times on a colour matching task when dis-
tractor stimuli come from a different blue category compared to the target [7]. For English
speakers, who do not categorise blues in this manner, no such effect was found. The authors of
this study suggest this is indicative of an interaction between lower-level perceptual processing
and language. However, from this behavioural work the timescale of this interaction and
whether this is truly low-level is not clear. If the category effect we report in P1 is the cortical
basis that underpins observable differences in performance on colour tasks, then our data sup-
port claims that language interacts with low-level stages of visual processing, e.g., [7,14,15,46].
However, in the present study we also observed a relationship between colour naming consis-
tency and colour processing around 250 ms in the frontal positivity. This may instead impli-
cate an attentional, top-down, post-perceptual component to category effects. In other words,
it is plausible that this activity could be responsible for previously reported behavioural cate-
gory effects, such as [7] and [9], without needing to invoke an early category effect at all.
Electrophysiological support for this ‘post-perceptual’ account of category effects was reported
by [12], who find no early, low-level category effects in ERPs for colours equated in JNDs on a
visual oddball task. The effect we report in P1 is evidently at odds with this finding and isolat-
ing the cause of these different outcomes is clearly important for understanding the relation-
ship between language and visual processes.
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One solution to these contradictory findings may reside in differences in how much colour
is attended during the task. In the current study participants were tasked with attending to an
infrequently-changing fixation dot so the colour stimuli were not directly attended. In [12],
participants directly attended to the colour of the stimuli. It may be the case that colour terms
lead to category effects in early sensory processes when colour is not explicitly attended but
not when colour is attended. This hypothesis may not seem logical, why would the categorical
relationship between colours be encoded when colour is not explicitly attended and colours
are processed to a greater degree outside of awareness? One possibility is that categorical pro-
cessing is more greatly recruited under conditions of greater stimulus uncertainty. There is
some support for this view; colour category effects were found to be stronger in participants
on a behavioural task when they were less familiar with the colour stimuli compared to partici-
pants who were highly trained with the stimuli [9]. It may be that the visual system evolved
this way so that a change in the visual scene is processed more categorically (e.g., threat versus
no-threat) when outside of direct focus in order to increase the chance that danger is more
readily perceived (c.f. [19]). A limitation of our design is that we were not able to test this pos-
sibility directly. Future research should be able to provide clarity here by using a blocked
within-subjects design and comparing ERP amplitudes elicited by deviant stimuli in an odd-
ball task in a passive condition (as in our design) to the amplitudes elicited to the same devi-
ants in an active condition (whereby participants directly attend to colour change as in [12]). If
it is the case that there is greater categorical processing to changes in the visual environment
occurring outside of direct attention one would expect to find category effects in early stages of
visual processing in the passive condition but not in the active condition.
Another area to consider is the direction of the relationship we report between colour nam-
ing and the category effects. Thus far we have considered language and the way people name
colours as a mechanism that may penetrate colour processing, that is to say language affects
perception. However, it may be the case that physiological differences in the visual system
across individuals give rise to differences in colour naming. In other words, category effects
could be the cause rather than result of the group differences in colour naming. Cone pigment
[50], macular pigmentation [51], the optical density of retinal photopigments [52], eye pig-
mentation [53], as well as the relative number of L and M cones [54], are known to vary across
individuals and might account for such differences. However, others have not found a link
between physiological differences and colour naming. For example, it has been shown that indi-
vidual differences in unique hue settings (pure examples of the terms red, green, blue and yel-
low) do not relate to individual differences in the sensitivity of the spectral sensitivities of the
cones [55,56]. Further, cross-cultural differences in colour naming cannot readily be explained
by physiological differences in the visual system [57,58]. A task for future research will be to
clarify the relationship between these low-level physiological attributes and colour naming.
It has previously been shown using fMRI that explicit naming of attended colours modu-
lates activity at V4 and VO1 [59], although representation in these regions was found to be
non-categorical when attention was directed away from the colours. Likewise, several fMRI
studies have failed to find an effect of colour categories on activity in visual cortex when col-
ours are passively viewed [38,60]. However, our result does suggest a relationship between col-
our naming and early sensory processes even when colour changes do not need to be attended.
Further investigation of the neural basis of our effect at P1 and the neural representation of
colour categories will be important to establish the conditions under which language really
does interact with our early sensory visual processing and the underlying mechanisms of such
an effect. Shedding light on this question has the potential to address more fundamental issues
about how colour is perceived, the source of individual differences in colour perception, as
well as the degree to which language has the capacity to affect the way we see the world.
Colour categories are reflected in sensory stages of colour perception
PLOS ONE | https://doi.org/10.1371/journal.pone.0178097 May 25, 2017 13 / 16
Supporting information
S1 Fig. Grand-averaged ERP waveforms elicited in response to standard and deviant col-
ours presented to the upper visual field.
(DOCX)
Author Contributions
Conceptualization: LF XH AF.
Data curation: LF.
Formal analysis: LF XH.
Funding acquisition: AF.
Investigation: LF XH.
Methodology: LF XH AF.
Project administration: LF XH AF.
Software: LF XH.
Supervision: AF.
Validation: LF XH AF.
Visualization: LF.
Writing – original draft: LF XH AF.
References
1. Linhares JMM, Pinto PD, Nascimento SMC. The number of discernible colors in natural scenes. JOSA
A. 2008; 25: 2918–2924. PMID: 19037381
2. Kay P, Maffi L. Color appearance and the emergence and evolution of basic color lexicons. Am Anthro-
pol. 1999; 101: 743–760.
3. Kay P, Regier T. Resolving the question of color naming universals. Proc Natl Acad Sci. 2003; 100:
9085–9089. https://doi.org/10.1073/pnas.1532837100 PMID: 12855768
4. Daoutis CA, Pilling M, Davies IRL. Categorical effects in visual search for colour. Vis Cogn. 2006; 14:
217–240.
5. Drivonikou GV, Kay P, Regier T, Ivry RB, Gilbert AL, Franklin A, et al. Further evidence that Whorfian
effects are stronger in the right visual field than the left. Proc Natl Acad Sci. 2007; 104: 1097–1102.
https://doi.org/10.1073/pnas.0610132104 PMID: 17213312
6. Gilbert AL, Regier T, Kay P, Ivry RB. Whorf hypothesis is supported in the right visual field but not the
left. Proc Natl Acad Sci U S A. 2006; 103: 489–494. https://doi.org/10.1073/pnas.0509868103 PMID:
16387848
7. Winawer J, Witthoft N, Frank MC, Wu L, Wade AR, Boroditsky L. Russian blues reveal effects of lan-
guage on color discrimination. Proc Natl Acad Sci. 2007; 104: 7780–7785. https://doi.org/10.1073/pnas.
0701644104 PMID: 17470790
8. Roberson D, Davidoff J, Davies IRL, Shapiro LR. Color categories: Evidence for the cultural relativity
hypothesis. Cognit Psychol. 2005; 50: 378–411. https://doi.org/10.1016/j.cogpsych.2004.10.001 PMID:
15893525
9. Witzel C, Gegenfurtner KR. Categorical facilitation with equally discriminable colors. J Vis. 2015; 15: 22.
10. Brown AM, Lindsey DT, Guckes KM. Color names, color categories, and color-cued visual search:
Sometimes, color perception is not categorical. J Vis. 2011; 11: 1–21.
11. Wright O, Davies IRL, Franklin A. Whorfian effects on colour memory are not reliable. Q J Exp Psychol.
2015; 68: 745–758.
Colour categories are reflected in sensory stages of colour perception
PLOS ONE | https://doi.org/10.1371/journal.pone.0178097 May 25, 2017 14 / 16
12. He X, Witzel C, Forder L, Clifford A, Franklin A. Color categories only affect post-perceptual processes
when same-and different-category colors are equally discriminable. J Opt Soc Am A. 2014; 31: A322–
A331.
13. Clifford A, Franklin A, Holmes A, Drivonikou VG, O¨ zgen E, Davies IRL. Neural correlates of acquired
color category effects. Brain Cogn. 2012; 80: 126–143. https://doi.org/10.1016/j.bandc.2012.04.011
PMID: 22722021
14. Clifford A, Holmes A, Davies IRL, Franklin A. Color categories affect pre-attentive color perception. Biol
Psychol. 2010; 85: 275–282. https://doi.org/10.1016/j.biopsycho.2010.07.014 PMID: 20674661
15. Thierry G, Athanasopoulos P, Wiggett A, Dering B, Kuipers J-R. Unconscious effects of language-spe-
cific terminology on preattentive color perception. Proc Natl Acad Sci. 2009; 106: 4567–4570. https://
doi.org/10.1073/pnas.0811155106 PMID: 19240215
16. Lupyan G. Cognitive Penetrability of Perception in the Age of Prediction: Predictive Systems are Pene-
trable Systems. Rev Philos Psychol. 2015; 6: 547–569.
17. Pylyshyn Z. Is vision continuous with cognition?: The case for cognitive impenetrability of visual percep-
tion. Behav Brain Sci. 1999; 22: 341–365. PMID: 11301517
18. Macpherson F. Cognitive Penetration and Predictive Coding: A Commentary on Lupyan. Rev Philos
Psychol. 2015; 6: 571–584. https://doi.org/10.1007/s13164-015-0254-3 PMID: 26640608
19. Lupyan G, Ward EJ. Language can boost otherwise unseen objects into visual awareness. Proc Natl
Acad Sci. 2013; 110: 14196–14201. https://doi.org/10.1073/pnas.1303312110 PMID: 23940323
20. Kranjec A, Lupyan G, Chatterjee A. Categorical Biases in Perceiving Spatial Relations. Bremner A, edi-
tor. PLoS ONE. 2014; 9: e98604. https://doi.org/10.1371/journal.pone.0098604 PMID: 24870560
21. Luck SJ. An Introduction to the Event-Related Potential Technique. Cambridge, Mass: MIT Press;
2005.
22. Fonteneau E, Davidoff J. Neural correlates of colour categories. Neuroreport. 2007; 18: 1323–1327.
https://doi.org/10.1097/WNR.0b013e3282c48c33 PMID: 17762706
23. Holmes A, Franklin A, Clifford A, Davies I. Neurophysiological evidence for categorical perception of
color. Brain Cogn. 2009; 69: 426–434. https://doi.org/10.1016/j.bandc.2008.09.003 PMID: 18996634
24. Polich J. Updating P300: An integrative theory of P3a and P3b. Clin Neurophysiol. 2007; 118: 2128–
2148. https://doi.org/10.1016/j.clinph.2007.04.019 PMID: 17573239
25. Anllo-Vento L, Luck SJ, Hillyard SA. Spatio-temporal dynamics of attention to color: evidence from
human electrophysiology. Hum Brain Mapp. 1998; 6: 216–238. PMID: 9704262
26. Dunn B R, Dunn D A, Languis M, Andrews D. The Relation of ERP Components to Complex Memory
Processing. Brain Cogn. 1998; 36: 355–378. https://doi.org/10.1006/brcg.1998.0998 PMID: 9647684
27. Hill B, Roger T, Vorhagen FW. Comparative analysis of the quantization of color spaces on the basis of
the CIELAB color-difference formula. ACM Trans Graph TOG. 1997; 16: 109–154.
28. Mahy M, Van Eycken L, Oosterlinck A. Evaluation of Uniform Color Spaces Developed after the Adop-
tion of CIELAB and CIELUV. Color Res Appl. 1994; 19: 105–121.
29. Witzel C, Gegenfurtner KR. Categorical sensitivity to color differences. J Vis. 2013; 13: 1–33.
30. Busch NA, Debener S, Kranczioch C, Engel AK, Herrmann CS. Size matters: effects of stimulus size,
duration and eccentricity on the visual gamma-band response. Clin Neurophysiol. 2004; 115: 1810–
1820. https://doi.org/10.1016/j.clinph.2004.03.015 PMID: 15261860
31. Johannes S, Mu¨nte TF, Heinze HJ, Mangun GR. Luminance and spatial attention effects on early visual
processing. Cogn Brain Res. 1995; 2: 189–205.
32. Androulaki A, Goˆmez-Pestaña N, Mitsakis C, Jover JL, Coventry K, Davies IRL. Basic colour terms in
Modern Greek: Twelve terms including two blues. J Greek Linguist. 2006; 45: 3–47.
33. Czigler I, Bala´zs L, Winkler I. Memory-based detection of task-irrelevant visual changes. Psychophysi-
ology. 2002; 39: 869–873. https://doi.org/10.1017/S0048577202020218 PMID: 12462515
34. Czigler I, Bala´zs L, Pato´ LG. Visual change detection: event-related potentials are dependent on stimu-
lus location in humans. Neurosci Lett. 2004; 364: 149–153. https://doi.org/10.1016/j.neulet.2004.04.
048 PMID: 15196665
35. Athanasopoulos P, Dering B, Wiggett A, Kuipers J-R, Thierry G. Perceptual shift in bilingualism: Brain
potentials reveal plasticity in pre-attentive colour perception. Cognition. 2010; 116: 437–443. https://doi.
org/10.1016/j.cognition.2010.05.016 PMID: 20566193
36. Lindsey DT, Brown AM. The color lexicon of American English. J Vis. 2014; 14: 1–25.
37. Boynton RM, Olson CX. Salience of chromatic basic color terms confirmed by three measures. Vision
Res. 1990; 30: 1311–1317. PMID: 2219747
Colour categories are reflected in sensory stages of colour perception
PLOS ONE | https://doi.org/10.1371/journal.pone.0178097 May 25, 2017 15 / 16
38. Bird CM, Berens SC, Horner AJ, Franklin A. Categorical encoding of color in the brain. Proc Natl Acad
Sci. 2014; 111: 4590–4595. https://doi.org/10.1073/pnas.1315275111 PMID: 24591602
39. Wright O. Effects of stimulus range on color categorization. In: Biggam CP, Hough CA, Kay CJ, Sim-
mons DR, editors. New directions in colour studies. Amsterdam: John Benjamin; 2011. pp. 265–276.
40. Ishihara S. Ishihara test for colour-blindness. Tokyo: Kanehara & Co. Ltd; 1987.
41. Fletcher R. The City University Colour Vision Test. 2nd ed. London: Keeler; 1980.
42. Mangun GR, Hopfinger JB, Kussmaul CL, Fletcher EM, Heinze H-J. Covariations in ERP and PET mea-
sures of spatial selective attention in human extrastriate visual cortex. Hum Brain Mapp. 1997; 5: 273–
279. https://doi.org/10.1002/(SICI)1097-0193(1997)5:4<273::AID-HBM12>3.0.CO;2-F PMID:
20408228
43. Di Russo F, Martı´nez A, Sereno MI, Pitzalis S, Hillyard SA. Cortical sources of the early components of
the visual evoked potential. Hum Brain Mapp. 2002; 15: 95–111. PMID: 11835601
44. Martınez A, DiRusso F, Anllo-Vento L, Sereno MI, Buxton RB, Hillyard SA. Putting spatial attention on
the map: timing and localization of stimulus selection processes in striate and extrastriate visual areas.
Vision Res. 2001; 41: 1437–1457. PMID: 11322985
45. Luck SJ, Woodman GF, Vogel EK. Event-related potential studies of attention. Trends Cogn Sci. 2000;
4: 432–440. PMID: 11058821
46. Boutonnet B, Lupyan G. Words Jump-Start Vision: A Label Advantage in Object Recognition. J Neu-
rosci. 2015; 35: 9329–9335. https://doi.org/10.1523/JNEUROSCI.5111-14.2015 PMID: 26109657
47. Czigler I. Visual Mismatch Negativity: Violation of Nonattended Environmental Regularities. J Psycho-
physiol. 2007; 21: 224–230.
48. Czigler I. Visual Mismatch Negativity and Categorization. Brain Topogr. 2013;
49. Folstein JR, Van Petten C. Influence of cognitive control and mismatch on the N2 component of the
ERP: A review. Psychophysiology. 2007; 45: 152–170. https://doi.org/10.1111/j.1469-8986.2007.
00602.x PMID: 17850238
50. Jameson KA, Highnote SM, Wasserman LM. Richer color experience in observers with multiple photo-
pigment opsin genes. Psychon Bull Rev. 2001; 8: 244–261. PMID: 11495112
51. Sharpe LT, Stockman A, Ja¨gle H, Knau H, Klausen G, Reitner A, et al. Red, green, and red-green hybrid
pigments in the human retina: correlations between deduced protein sequences and psychophysically
measured spectral sensitivities. J Neurosci. 1998; 18: 10053–10069. PMID: 9822760
52. He JC, Shevell SK. Variation in color matching and discrimination among deuteranomalous trichromats:
theoretical implications of small differences in photopigments. Vision Res. 1995; 35: 2579–2588. PMID:
7483302
53. Jordan G, Mollon JD. Rayleigh matches and unique green. Vision Res. 1995; 35: 613–620. PMID:
7900300
54. Otake S, Cicerone C. L and M cone relative numerosity and red–green opponency from fovea to mid-
periphery in the human retina. JOSA A. 2000; 17: 615–627. PMID: 10708043
55. Malkoc G, Kay P, Webster MA. Variations in normal color vision. IV. Binary hues and hue scaling. JOSA
A. 2005; 22: 2154–2168. PMID: 16277285
56. Webster MA, Miyahara E, Malkoc G, Raker VE. Variations in normal color vision. II. Unique hues. JOSA
A. 2000; 17: 1545–1555. PMID: 10975364
57. Webster MA, Webster SM, Bharadwaj S, Verma R, Jaikumar J, Madan G, et al. Variations in normal
color vision. III. Unique hues in Indian and United States observers. JOSA A. 2002; 19: 1951–1962.
PMID: 12365615
58. Regier T, Kay P, Cook RS. Focal colors are universal after all. Proc Natl Acad Sci U S A. 2005; 102:
8386–8391. https://doi.org/10.1073/pnas.0503281102 PMID: 15923257
59. Brouwer GJ, Heeger DJ. Categorical Clustering of the Neural Representation of Color. J Neurosci.
2013; 33: 15454–15465. https://doi.org/10.1523/JNEUROSCI.2472-13.2013 PMID: 24068814
60. Persichetti AS, Thompson-Schill SL, Butt OH, Brainard DH, Aguirre GK. Functional magnetic reso-
nance imaging adaptation reveals a noncategorical representation of hue in early visual cortex. J Vis.
2015; 15: 1–19.
Colour categories are reflected in sensory stages of colour perception
PLOS ONE | https://doi.org/10.1371/journal.pone.0178097 May 25, 2017 16 / 16
